ABSTRACT: Bacterial and heterotrophic ndnoflagellates (HNF) abundance, as well as bacterial production and chlorophyll a levels, were measured at live sites extending from the coastal zone toward the open Adriatic in the period from March to October "i995. The investigated areas were grouped into trophic categories according to concentrations of chlorophyll u. All the biotic-parrsmeters increased along the trophic gradient, ledding to eutrophy, but they did not increase at the same rate. The bacterial biomass : phytoplankton biomass {BB : chl u) ratio decreased from about 10 in the very oligntrophic area to 0.8 at the eutrophw site. In contrast, the bacterial abundance : HNF abundance ratio iB : HNF) increased from 1000 bacteria per 1 tlagellate in the oligotrophlc system to .1700 bacteria flagellate' in the eutrophic area. Decreasing BB : chl a and :ncreasing B : HNF ratios along the trophic gradient might rellect the dflterent structures of the microbial food web. Relationships between bacterial abur~danc:e and production, and chl a and t-{NF showed that bacterial abundance along the trophic grddient was regulated by the interplay between nutrient supply and grazing pressure. But in the oligotrophic system, bacterial abundance was more closely related to bacteriaL production and chl u than m the eutrophic system, suggesting stronger control of bacteridl abundance by substrate supply C)n the other hand, the coupling between bacteria and HNF, and uncoupling between bacterial dbundance and production in the eutrophic system, showed that the importance ot bactenovorv increased in richer systems.
INTRODUCTION
Many authors have shown that bacterial abundance changes with the trophic state in freshwater and marine systems (Azam et al., 1983; Fuhrman et al., 1980; Bird & Kalft, 1984; Cho & Azam, 1990; Gasol & Vaque, 1993; Pace & Cole, 1994) . Within these systems, the trophic relationships are undoubtedly very. complex and characterized by numerous feedbacks. There is considerable empirical evidence of resource control of bacteria (bottom-up control) and of grazing control of bacteria (top-down control) ~Gfide, 1986 ~Gfide, , 1989 Gasol, 1994) . Large-scale comparative studies demonstrate strong correlations between bacterial abundance and bacterial productivity and between bacteria and chlorophyll, suggesting significant resource regulation of bacteria (Bird & Kalff, 1984; Cole et at., 1988; Currie, 1990) . On the other hand, comparisons of the quantities of heterotrophic nanoflagellates (HNF) and bacteria imply that, in some 9 Addressee for all correspondence. D Blologische Anstalt t telgoland, Hamburg cases, predatory control (top-down regulation) of bacteria may be of major importance in eutrophic environments (Berninger et al., 1991; Sanders et al., 1992) .
One way to determine whether the regulation of bacteria is by top-down or bottomup control is to consider how bacterial abundance and growth rates change along a resource gradient. For this purpose, we evaluated the regulation of bacterial abundance by comparing the relationship between bacterial abundance and production, between bacteria and chl a, and between bacteria and HNF along atrophic gradient in the Adriatic sea.
MATERIAL AND METHODS
Samples for bacterial and tlNF counts, chl a, and bacterial production were collected on a monthly basis from March to October 1995 at 5 stations (A-E} located between the coastal zone and the open Adriatic.
Samples for counting were poured into sterile, acid washed, glass bottles fixed with Formalin (final conc. 2%) and processed in the laboratory within two days after collecting.
Chlorophyll a (Chl a)
Chlorophyll a content was measured on a Turner 112 fluorometer after acetone extraction (Stricklancl & Parsons, 1972) .
Bacterial and flagellate counts
Enumeration of bacteria anct heterotrophic nanoflagellates (HNF) were made by epifluorescence microscopy using the standard acridine orange direct counting technique (tIobbie et al., 1977) for bacteria, and proflavine staining technique, which enable a distinction between heterotrophic and autotrophic cells, for HNF (Haas, 1982) . For biovolume estimates, length and width of bacterial and I-tNF cells were measured with an eyepiece graticule (New Portion G12; Graticules, Ltd, UK). Biovolume was converted to carbon biomass, assuming 0.220 pg Clam ~ for bacteria (Bratbak & l)undas, 1984) and HNF (Borsheim & Bratbak, 1987) .
Bacterial production
Bacterial ceil production was measured with the 3H-thymidine incorporation technique (Fuhrman & Azam, 1982) . [Methyl-:~H] thymidine was added in 10-ml samples at a final concentration of I0 nM (specific activity 86 Ci retool-'; Amersham Ltd, UK). Triplicate samples and a Formalin killed adsorption control (final cone. 0.5%) were incubated at in situ temperature in the dark for I h (linearity of thymidine uptake was previously checked). The incubations were stopped with Formalin (final cone. 0.5%). To each 10-ml sample and control, an equal volume of ice-cold 10% (wt/vol) TCA was added, and the mixtures were kept on ice for 15 min. The TCA-insoluble fraction was collected by filtering the sample through a 25-ram, 0.2 gm pore size, cellulose nitrate filter. The filters were rinsed five times with I ml of ice-cold 5% (wt/vol) TCA. The ill-ters w e r e dried, p l a c e d in scintillation vials, d i s s o l v e d in 10-ml F i l t e r -c o u n t TM ( P a c k a r d scintillation cocktail), a n d c o u n t e d after 24 h s t o r a g e in a scintillation c o u n t e r ( P a c k a r d Tricarb 2500 TR). T h e c o n v e r s i o n factors to e s t i m a t e b a c t e r i a l cell p r o d u c t i o n w e r e calc u l a t e d from b a c t e r i a l cell n u m b e r s a n d :~H-thymidine i n c o r p o r a t i o n s in t h e <1 l~m size fractions ( R i e m a n n et al., 1987) as: CF = (N~ -N1)/:~H,,,~, w h e r e N. a n d N~ a r e t h e n u mbers at the b e g i n n i n g a n d at the e n d of t h e e x p e r i m e n t ; ~Ft:,,,. is t h e i n t e g r a t e d 3H-thymid i n e i n c o r p o r a t i o n rate d u r i n g t h e e x p e r i m e n t .
RESULTS A N D D I S C U S S I O N T r o p h i c s y s t e m
T h e i n v e s t i g a t e d a r e a s w e r e g r o u p e d into t r o p h i c c a t e g o r i e s a c c o r d i n g to c o n c e ntrations of chl u a n d w e r e a r r a n g e d by i n c r e a s i n g chl a c o n c e n t r a t i o n s (Fig. 1) .
C h l a c o n c e n t r a t i o n s in t h e o l i g o t r o p h i c a r e a (E site) r a n g e d from 0.04 to 0.57 m g m :~ w i t h a m e a n v a l u e of 0.126 _+ 0.015 rng m :~ (SE), in l h e e u t r o p h i c a r e a (A site) from 0.16 to 18.36 m g m -:3 w i t h a m e a n v a l u e of 4.8 _+ 1.14 m g m ~. Ratio of t h e a v e r a g e chl a c o n c e n t r Abundances of bacteria and HNF showed similar patterns along the trophic gradient as shown by chl a concentrations. In the oligotrophic system, bacterial abundances ranged from 0.41x10 ~ to 3.43x10 ~ cells ml -~ with a mean value of 0.88 • 0.06x10 ~ cells ml -~, equivalent to a biomass value of 16.65 lag C 11. In the eutrophic site, abundances ranged from 1.09• ~ to 12.83x10 h cells ml -~ with a mean value of 3.88 • 0.61x10 ~ cells ml ~ (81.09 I.lg C l-~). In mesotrophic waters, bacterial abundance was fairly uniform at all investigated sites and averaged 1.73 _+ 0.21x10 ~ cells ml 1 at D site, 1.79 • 0.19x10 ~ cells ml -~ at C site and 1.96 • 0.15x10 ~ cells ml -~ at B site (Fig. 2a) . The ratio of bacterial abundance in the oligotrophic system to those in the mesotrophic and eutrophic systems was 1:2:4.
a t i o n s in t h e o l i g o t r o p h i c s y s t e m to t h a t in t h e e u t r o p h i c a r e a w a s 1 : 38. In t h e m e s o t r o p h i c a r e a (B, C, D sites) chl a c o n c e n t r a t i o n s a v
Similarly, the lowest abundances of I-tNF were measured in the oligotrophic waters, where counts ranged from 0.48x10:1 to 1.69x10 :~ ml ~, with a mean value of 1.05 • 0.5• ~ ml -~. In the eutrophic waters, HNF abundance varied from 0.29x10 :~ to 8.76x10 ~ ml -~ and averaged 2.64 • 0.43xlO I ml -~. In the mesotrophic area, HNF abundance averaged 1.47 +_ 0.11xl0:~ml -~ at D site, 1.99 • 0.21x10 :~ ml ~ at C site, and 2.00 • 0.19x10 ~ ml ~ at site B IFig. 2b}. It is apparent that HNF numbers increased with increasing trophic levels. However, the ratio of HNF abundance in the oligotrophic system to that in the eutrophic {1 : 2.5) was lower than that of bacteria.
Bacterial production
Bacterial production values along the trophic gradient increased far more than the bacterial abundance levels. In the oligotrophic area production ranged from 0.43 to 55.2 ~tg C 1 '~ day 1 with a mean value of 17.19 _+ 1.99 pg C l -~ day ~. In the eutrophic area, bacterial production ranged from 0.3 to 2179 pg C l ~ day ~ and averaged 367.66 +_ 120.13 pg C l 1 day ~ (Fig. 3a) . Bacterial production in the eutrophic system was 21-fold higher than that of the oligotrophic system. In the mesotrophic waters relatively low production values were recorded at the D site (averaged 17.3 • 2.0 lag C 1 ~ day -~) compared with those at sites C and B {averaged 43.39 + 10.57 tJg C 11 day-1 and 45.1 +_ 8.6 ~lg C 1 " day-~). This could be explained by the location of site D. It is located at the entrance to Ka~tela Bay where the specific water exchange structures were reflected in the distribution of bacteria and phytoplankton composition. Gaeie et al. (1987) found a strong variation in bacterial abundances in the short period of one week, depending on the speed and the direction of current.
Relationship between bacterial abundance and productivity
Bacterial abundance was fairly well correlated with bacterial productivity. Thus, 55% of the bacterial abundance variation across the trophic gradient can be explained by variability in rates of production (Table 1) , supporting the hypothesis of resource regulation of bacteria (bottom-up). Billen et al. (1990) argued that the relationship between bacterial production and abundance could be used to evaluate bottom-up and top-down regulation. Since bacterial resources are difficult to measure and are always at low concentrations, bacterial production serves as a surrogate measure of resources. Variability in rates of production reflect variability in resource inputs. Regressions of biomass as a Billen et al. (1990) is the situation where predation on bacteria is a major mechanism of resource recycling. In this case, increases m mortality might lead to resource regeneration by consumers, resulting in bacterial biomass being partially or completely uncoupled from increases in bacterial productivity (Pace & Cole, 1994) . Comparing the relation of bacterial abundance to productivity for oligotrophic and eutrophic systems separately, we obtained results which could support the hypothesis of Pace & Cole (1994) . A significant positive correlation between bacterial abundance and productivity in the oligotrophic environments was found (R 2 = 0.58; n = 7; P < 0.05), but contrary to that, uncoupling between bacteria and productivity was recorded in the eutrophic waters ( Table 1 ), suggesting that other factors such as mortality are most important in regulating abundance of bacteria. This was confirmed by comparing the production/biomass (P/B) ratios, which increased from the oligotrophic system where it was 0.9 _+ 0.11, to the eutrophic system where P/B ratio was 4.4 +_ 1.1 (Fig. 3b) . This may occur if bacteria are more heavily grazed on in eutrophic than in oligotrophic systems (Bird & Kalff, 1984) .
Relationship between bacteria and chlorophyll a Bacterial and algal abundance increased along the trophic gradient, but it should be noted that algal abundance increased more rapidly than bacterial abundance did.
rhus, a 38-fold increase in the chl a level was accompanied by only a 4-fold increase in bacterial abundance. The coefficient of determination, which measures the degree of association between bacteria and phytoplankton (chl a) along a trophic gradient, was R -~ = 0.36 (p < 0.001; n = 35). That is, 36% of the variability in bacterial abundance can be explained by the concentration of chl a. However, in the oligotrophic system bacte- 4 . B/chl a (A) and B/HNF (B) ratios at investigated sites a r r a n g e d by increasing chl o (Error bars r e p r e s e n t _+ 1 SE) rial abundance was much more closely related to phytoplankton (R ~ --0.94; p < 0.001; n = 7), than in the eutrophic system, where R: was not statistically significant (Table ! ) . The BB/chl a ratio also changed with trophic status. The ratio was extremely high in the oligotrophic system (10.5 ~-0.94) and decreased gradually toward the eutrophic site where the BB/chl a ratio was only 0.8 • 0.21 (Fig. 4a) . A very high BB/chl a ratio was recorded in the samples containing <0.24 lag chl a m --~ (sites E and D; only eutrophic samples containing >3 mg chl a had a BB/chl a ratio less than 1 (site A). A striking result from this study is that in oligotrophic waters bacterial biomass exceeded phytoplankton biomass. We do not know what mechanisms are responsible for maintaining bacterial abundance at relatively high levels, even in highly oligotrophic waters. This may be due to changes in the way algae and bacteria compete for nutrients in waters of differing trophic status. Currie (1990) proposed that in very oligotrophic systems both bacterial and algal growth is P limited. Because bacteria are better competitors when orthophosphate is very scarce, bacteria obtain a larger share of the P, and increase in abundance relatively more rapidly than do algae. In richer systems, bacterial growth becomes simultaneously P and C limited. Algae then obtain greater portions of P, and algal abundance begins to increase more rapidly than bacte~ rial abundance. Alternatively, it is possible that bacteria were more heavily grazed on in eutrophic than in oligotrophic systems (Beaver & Crisman, 1982; Sanders et al., 1992) . Dortch & Packard (1989) , as well, pointed out that the food webs in oligntrophic and eutrophic waters must be fundamentally different. Their conclusion is based on the observation that the protein/chl a ratio (a rough measure of the dominance of the heterotrophic biomass over the photoautotrophic biomass) is very high in oligotrophic waters and gradually decreases to low values, as the chl a values increase in eutrophic waters. They introduced the notion that the food webs in oligotrophic waters can be represented by an inverted pyramid with the heterotrophic biomass dominating the photoautotrophic biomass. Our results on the variation of BB/chl a are consistent with the idea of Dortch & Packard (1989) and Cho & Azam (1990) , and further enlarge on their notion by showing that the dominance of heterotrophic biomass in oligotrophic waters could be explained by the persistence of high bacterial biomass. Whatever the mechanism, an important consequence of the phenomenon is that in oligotrophic waters, bacterial biomass was dominant over phytoplankton biomass, and the opposite is true for eutrophic waters, which may reflect a fundamentally different organization of foodwebs in the oligotrophic and eutrophic waters.
Relationship between bacteria and HNF By studying the relation between bacterial and HNF abundance along the trophic gradient, a positive correlation was found. The coefficient of determination (R ~) was 0.44 (p < 0.001; n --35), which means that 44% variation of bacterial abundance could be explained by the variability in HNF abundance, or by predator-prey dependence. This dependence is even stronger in very eutrophic waters, explaining 64% of the variability in bacterial abundance (Table 1) . However, quite opposing data on bacteria-HNF dependence can be found in the literature. The results of Gasol & Vaque (1993) showed a weaker relationship between bacteria and HNF across a wide diversity of systems (R 2 < 0.25, p < 0.01) than we found, suggesting that organisms other than t-INF are important predators on bacteria in various environments and/or other loss processes could be more important than predation, Contrary to these results, Sanders et al. (19921 and Berninger et al. (1991) suggested that a close coupling between bacteria and HNF should be expected in systems with different trophic levels, implying that bacterial production and HNF grazing were also closely related.
The B/HNF abundance ratio, which could be used as an index of grazing pressure, showed that bacterial abundance in relation to HNF abundance increased from the oligotrophic system where the ratio was 1046:1 to the eutrophic system where 1722 bacteria were present for every flagellate (Fig. 4b) . Nevertheless, there was no proportional increases in HNF with respect to bacteria, suggesting that relationships between bacteria and flagellates may not be as widespread as suggested by Sanders et al. (1992) . They found this ratio was constant at about 1000:1 across a wide variety of ecosystems, and they examined the implications of this ratio by developing a model of bacterial dynamics as a function of substrate supply and flagellate predation. To maintain a constant 1000:1 ratio of flagellates to bacteria, regulation must shirt across resource gradients according to their model. In oligotrophic environments, substrate supply controls bacterial abundance, but grazing by FtNF reduces bacteria below carrying capacity in more eutrophic systems. Thus, our finding of increasing B/I INF ratio along trophic systems suggests that in more productive areas, such as site A in our study, the heterotrophic nanoplanktonic protozoa do not immediately reduce bacteria as much as might be expected because grazing microzooplankton quickly respond to an increase in the number of HNF available (Gasol & Vaque, 19931 .
CONCLUSION
All investigated parameters increased along the trophic gradient, but they did not increase at the same rate, Differing rates of increase in individual parameters caused decreasing B/chl a and increasing B/HNF ratios with increasing trophic levels which may reflect the different structures of the microbial food web.
Statistically significant positive correlations between bacterial abundance and individual variables, such as bacterial productivity, chl a, and HNF along the trophic gradient suggest that bacterial abundance is determined by the interplay between nutrient supply and grazing pressure. But, in the oligotrophic ecosystem we ascertained that bacterial population was much more closely related to bacterial productivity and chl a, suggesting stronger control of bacterial abundance by substrate supply. On the other hand, the coupling between bacteria and HNF and uncoupling between bacterial abundance and productivity in the eutrophic system, showed that the importance of bacteriovory increased in richer systems. 
